Introduction {#S1}
============

Cancer is still a severe health problem globally, and lots of people have died from cancer ([@B35]; [@B9]; [@B91]; [@B101]; [@B105]; [@B87]). Traditional cancer treatments kill not only cancer cells but also normal cells, and the medical costs are very high ([@B20]; [@B38]; [@B31]; [@B104]). With the find of anticancer peptides, the situation has changed because anticancer peptides can interact with the anionic cellular elements of cancer cells to selectively kill cancer cells without harming the normal cells of the body ([@B51]; [@B70]; [@B88]). Although there have been some defects in the development of anticancer peptides, anticancer peptides are safer than man-made drugs ([@B61]; [@B42]; [@B34]; [@B50]; [@B60]; [@B44]; [@B54]; [@B69]) and have higher effectiveness, specificity and selectivity. Anticancer peptides provide a new direction for the treatment of cancer, so the therapeutic methods of anticancer peptides have attracted greater attention. Anticancer peptides are generally composed of five to thirty amino acids. Nevertheless, it is still hard to identify anticancer peptides from other (artificially designed or natural) peptides. Using biochemical experiments to identify anticancer peptides is very time-consuming and expensive. In addition, only a few anticancer peptides can be used in the clinic. Thus, it is essential to apply machine learning to forecast anticancer peptides.

In past few years, some bioinformatics methods have been introduced to predict anticancer peptides. By extracting the amino acid composition and binary features of anticancer peptides as feature vectors, [@B67] applied support vector machine to verify the performance, and the accuracy reached 91.44%. [@B23] applied support vector machine to predict anticancer peptides on the basis of the local alignment kernel and pseudo-amino acid composition, and the highest accuracy was 89.7%. [@B4] developed a classifier for predicting anticancer peptides by optimizing the composition of g-GAP dipeptides, and 94.77% accuracy was obtained by using 126D features. [@B81] used 400D features or 400D-g gap features to predict anticancer peptides, and the accuracy of support vector machine reached 91.86%. The above methods obtained sound prediction results, but these methods did not mention the dimensional advantages of the model. In reality, training the machine learning model utilizing high-dimensional features usually behaves poorly, This phenomenon is called Curse of Dimensionality ([@B78]; [@B84]; [@B82]; [@B106]; [@B73]).

In this paper, through using a variety of polypeptide feature extraction methods, the obtained feature vectors were selected many times, which gained a low-dimensional model. Using multiple classifiers for verification, the performance accuracy was 92.73%, while the number of dimensions of the model was only 19. In this paper, the most important 7 dimensional features were further separated and verified, and good results were obtained. The feature model obtained in this paper can not only accurately and rapidly classify anticancer peptides, but also effectively avoid Curse of Dimensionality. The above results may suggest that these low-dimensional features are important features for distinguishing anticancer peptides.

Materials and Methods {#S2}
=====================

The process of this research is shown in [Figure 1](#F1){ref-type="fig"}. Every detailed step will be presented in the following sections.

![The main flow chart of the research process in this paper.](fbioe-08-00892-g001){#F1}

Benchmark Dataset {#S2.SS1}
-----------------

In this paper, we used the benchmark dataset constructed by Hajisharifi et al., which contained 206 non-anticancer peptides and 138 anticancer peptides. The anticancer peptides in this data set were extracted from APD2, and 206 non-anticancer peptides established by Wang et al. were extracted from UniProt. To avoid the deviation of the classifier, peptides with more than 90% similarity were deleted from the data set through CD-HIT. Chen et al. and Xu et al. have applied the identical benchmark data set as well.

Feature Extraction Strategies {#S2.SS2}
-----------------------------

The peptide sequences can not be immediately identified by machine learning algorithms. Therefore, it is requisite to translate the strings stood for peptide sequences into numerical features ([@B46], [@B40]; [@B43]; [@B27]; [@B71]; [@B2]; [@B24]). The feature extraction methods are very crucial in building computational predictors ([@B8], [@B10]; [@B79]; [@B103],[@B99]; [@B62]; [@B65]).

In this paper, we applied five sorts of feature extraction strategies including amino acid composition (AAC), conjoint triad (CT), pseudo-amino acid composition (PAAC), grouped amino acid composition (GAAC) and C/T/D. Each strategy may also include several feature extraction methods. This paper implemented these strategies through iFeature ([@B6]).

### Conjoint Triad {#S2.SS2.SSS1}

[@B57] put forward the conjoint triad model (CT). In consideration of the properties of one amino acid and its nearby amino acids and regards any three sequential amino acids as a unit, the model classifies amino acids into seven sorts. Triad in the same class are considered similar. As an example, triads which are composed by three amino acids belonging to the same sort, such as GLM and VFT, could be treated equally, since they may play the same role. A peptide sequence is represented by a binary space (V,F). V is the vector space of sequence features. Each feature (v~*i*~) represents a unit. F is the frequency vector corresponding to V, and each feature (f~*i*~) is the frequency of v~*i*~ in a peptide sequence.

### C/T/D {#S2.SS2.SSS2}

[@B18] put forward the C/T/D model. This model considers 3 properties of amino acids, their solubility, secondary structure and relative hydrophobicity. Amino acids are classified into three classes on the basis of the relative hydrophobicity, three or four classes on the basis of the secondary structure, and two classes on the basis of solubility. Each class is presented by the three kinds of descriptors: C/T/D ([@B63]).

### Amino Acid Composition {#S2.SS2.SSS3}

The peptide is composed of 20 sorts of amino acids ([@B39]). The frequency of every amino acid type in a peptide sequence was computed to present the peptide sequences. Therefore, each peptide sequence can be represented as a 20-dimensional feature model. This model is called amino acid composition model (AAC). The features can be defined as:
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where N~*a*~ is the quantity of amino acid type a. while N is the length of a peptide sequence.

In this paper, we also used the k-spaced amino acid pair composition model (CKSAAP), which computes the frequency of amino acid pairs separated by an arbitrary number (k) of amino acid residues. A example of this encoding scheme (*k* = 0) is provided as follow:
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At the same time, this paper used the tripeptide composition model (TPC), which computes the frequency of three consecutive amino acids in a peptide sequence and provides 8000 dimensional features. The features can be defined as:
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where N~*abc*~ is the quantity of amino acid type a, b, and c. while N is the length of a peptide sequence.

At the same time, this paper used the dipeptide composition model (DPC), which computes the frequency of two consecutive amino acids in a peptide sequence and provides 400D features. The features can be defined as:
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where N~*ab*~ is the quantity of amino acid type a and b. while N is the length of a peptide sequence.

Pseudo-Amino Acid Composition {#S2.SS3}
-----------------------------

[@B11] put forward a pseudo-amino acid composition model (PAAC). In this model, It takes into account not only the frequency of each amino acid type in a peptide sequence but also the position information of the amino acids. Therefore, the feature of the pseudo-amino acid composition is stated as below:

PAAC = (a~1~,a~2~,...,a~19~,a~20~,a~20+1~, a~20+2~,...,a~20+*n*~)

The front portion a~1~,..., a~19~,a~20~ stand for the frequency of each amino acid type in a peptide sequence, and the latter portion a~20+1~,...,a~20+*n*~ represent the location info of the amino acids in a peptide sequence.

This paper also used a method similar to PAAC. The amphiphilic pseudo-amino acid composition model (APAAC) was put forward by Chou et al. The model takes the hydrophilic and hydrophobic properties of amino acids into account.

### Grouped Amino Acid Composition {#S2.SS3.SSS1}

The grouped amino acid composition model (GAAC) divides 20 amino acid types into 5 classes on the basis of the physical and chemical properties and then computes the frequency of each amino acid group in a peptide sequence. The features can be defined as:
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where N~*c*~ is the quantity of amino acid in class c. while N is the length of a peptide sequence.

In this paper, a model similar to the grouped amino acid model, k-spaced amino acid group pair (CKSAAGP), was used to compute the frequency of amino acid group pairs separated by an arbitrary number (k) of amino acid residues.

This paper also used the grouped dipeptide composition model (GDPC), which can be regarded as a combination of GAAC and DPC.

In addition, this paper used the grouped tripeptide composition model (GTPC), which can be regarded as a combination of GAAC and TPC.

Feature Selection {#S2.SS4}
-----------------

Feature selection is the procedure of picking out a subset from the relevant features applied in machine learning model building ([@B107]; [@B52]; [@B7]; [@B86]; [@B98]; [@B30]). The dimension of features will be decreased after feature selection, thus this procedure is named dimension reduction as well. MRMD2.0 was mainly used in this paper to reduce the feature dimensions. Each feature was given a numerical value by MRMD2.0 (the larger the number, the feature's recognition ability will be more obvious). MRMD2.0 sorted the features in order on the basis of the ranking value. Next, the first feature with the highest value was examined for its performance. The second feature was added to examine the capability of the new feature subset. This procedure continued till examining total features. Eventually, some parameters in disparate dimensions were acquired, including F-score, accuracy, etc.

Classifier {#S2.SS5}
----------

### Support Vector Machine {#S2.SS5.SSS1}

A support vector machine (SVM) was used for prediction in this study. SVM has been widely applied in the proteome prediction ([@B28]; [@B77], [@B75]; [@B16]; [@B37]; [@B53]; [@B72], [@B71]; [@B22]; [@B80], [@B81]; [@B102]; [@B1]; [@B3]; [@B19]; [@B25]; [@B41]; [@B89]; [@B93]; [@B13]; [@B26]), transcriptome ([@B5]; [@B66]) and genome ([@B94]; [@B59]; [@B15]; [@B25]). Therefore, support vector machine is a pretty useful classifier. libSVM was adopted in this paper to optimize the prediction results of SVM utilizing grid method to correct parameters g and c.

### Random Forest {#S2.SS5.SSS2}

Random forest (rf) has been extensively applied as a classifier in chemoinformatics ([@B93],[@B95],[@B96]; [@B58]) and bioinformatics ([@B97]; [@B22]; [@B14]; [@B39]; [@B48]; [@B49]; [@B47]; [@B55]; [@B76]; [@B83]; [@B64]; [@B90]). Rf was applied in this paper.

### LibD3C {#S2.SS5.SSS3}

At the same time, this paper used the LibD3C classifier ([@B36]) for prediction to examine the performance of the model. The classifier adopts the strategy of selective integration, based on the hybrid integrated pruning model on the basis of k-means clustering and functional selection cycle framework and sequential search, by training multiple classifiers and selecting a group of accurate and diversified classifiers to solve the problem.

Prediction Result Estimate {#S2.SS6}
--------------------------

It is extremely critical to quantitatively evaluate the effectiveness of the method because the benchmark data set is non-balanced data. This paper used Mathew correlation coefficient (Mcc), specificity (Sp),sensitivity (Sn), total accuracy (Acc) and the F-score value (F-score) phase to evaluate the performance of the model ([@B32], [@B29]; [@B74]; [@B12]; [@B17]; [@B21]; [@B33]; [@B56]; [@B85]; [@B89]; [@B92],[@B96]; [@B100]; [@B45]; [@B68]).
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where TP stands for the quantity of anticancer peptides correctly predicted, FP stands for the quantity of non-anticancer peptides predicted as anticancer peptides, TN stands for the correctly predicted quantity of non-anticancer peptides, and FN stands for the quantity of anticancer peptides predicted as non-anticancer peptides. P represents the accuracy, indicating the proportion of the total number of predicted positive cases; R is the recall rate, indicating the number of correct cases identified and accounting for the total number of cases in this category.

Results and Discussion {#S3}
======================

In this paper, a total of 12 feature extraction methods were used. Because the number of dimensions of the amino acid composition model was only 20, it is of little significance to reduce the dimensionality of the amino acid composition model alone, and the k-spaced amino acid pair composition model is an extension of this method. The principles of the two models were similar, and so the two models were merged and expressed uniformly by AAC. Similarly, the grouped amino acid composition model and the k-spaced amino acid group pair model were merged and expressed uniformly by GAAC. To compare the advantages and disadvantages of different feature extraction methods for anticancer peptide sequences, each model obtained by each method was examined by 10-fold cross-validation utilizing the random forest classifier, and then 10-fold cross-validation was carried out for each method after dimensional reduction through MRMD2.0. [Figure 2A](#F2){ref-type="fig"} lists the F-score of each feature extraction method before and after feature selection. In this paper, according to the verification results, it is believed that the effects of the CT, GAAC, GDC, GTC, and TC methods were not ideal, so the above model was not considered in the follow-up study. To compare the advantages and disadvantages of different feature selection methods, the greedy algorithm and MRMD2.0 were used to select each feature model. [Figure 2B](#F2){ref-type="fig"} lists the dimensions of each feature model after two kinds of software selection, and [Figure 2C](#F2){ref-type="fig"} lists the F-score of each feature model after two kinds of software selection. For the feature selection method of anticancer peptide, after synthesizing the situation of all types of model selection, MRMD2.0 was better than the greedy algorithm in terms of the capability index of the selected model; As for the dimensions of the selected model, the greedy algorithm was more efficient than MRMD2.0. However, the greedy algorithm cannot further reduce the dimensions of the selected feature model, but MRMD2.0 can still further reduce it.

![The results of different experiments. **(A)** According to the results, this paper thought that the CT, GAAC, GDPC, GTPC, and TPC are not ideal. **(B)** According to the results, this paper thought that the greedy algorithm was more efficient than MRMD2.0. **(C)** According to the results, this paper thought that the greedy algorithm is worse than MRMD2.0 in the performance index of the selected model. **(D)** After several dimension reductions, the results showed that the MRMD2.0 was better than the greedy algorithm index of the selected model. **(E)** After several dimension reductions, the results showed that the dimension of model of the greedy algorithm is about five times that of the MRMD2.0. The results showed that as for the dimensions of the selected model, the greedy algorithm was more efficient than MRMD2.0. However, the greedy algorithm cannot further reduce the dimensions of the selected feature model, but MRMD2.0 can still further reduce it.](fbioe-08-00892-g002){#F2}

The feature subset of each method was merged and reduced to get a 102D feature model after selected by the greedy algorithm. The F-score value was 0.924 after random forest 10-fold cross-validation. At this time, it was impossible to use the greedy algorithm to further reduce the dimensions of the model.

After merging the selected feature model by MRMD2.0, the model dimension number was 1177. This paper continued to use MRMD2.0 to reduce the dimension of the model to get a 767-dimensional feature model which was still too high. After continuing to reduce the dimensionality of the model again to obtain 633 dimensional features, the result was still not ideal. In this paper, the dimensionality reduction was carried out 6 times. For each dimensionality reduction, a line chart of F-score was drawn changing with the dimension according to the obtained indicators. The feature points were separated with large changes in the line to form a new model for verification, and the results were not ideal. After 8 times of dimensionality reduction, a 19-dimensional feature model was obtained. At this time, it was no longer possible to use MRMD2.0 for dimensionality reduction. [Figures 2D,E](#F2){ref-type="fig"} list the feature model F-score and dimensions separated by the two methods, respectively. By comparison, MRMD2.0 was found to be better than the greedy algorithm.

The 19-dimensional model was tested by random forest, support vector machine (parameters c and g are 8192.0 and 0.00048828125, respectively) and LibD3C, respectively. [Table 1](#T1){ref-type="table"} listed the prediction results of three types of classifiers. The results indicated that the performance of the 19-dimensional model separated in this paper is stable. [Table 1](#T1){ref-type="table"} also lists the prediction results of others based on the same data set. Compared with Hajisharifi et al.'s and Xu et al.'s models, the model in this paper performs better in all prediction indicators. Although it is slightly inferior to Chen et al. in the prediction results, the number of dimensions of their model was 126, while the number of dimensions of this paper is 19, which is obviously lower than that in the previous study. By evaluating the performance of the model and comparing it with the previous work, this paper believed that the 19-dimensional model proposed in this paper can be used to predict the anticancer peptide conveniently, quickly and accurately.

###### 

Comparing the performance of different methods.

  Methods              Sn       Sp       Acc      MCC      F-score   Dimension
  -------------------- -------- -------- -------- -------- --------- -----------
  iACP                 88.40%   99.02%   94.77%   89.30%             126
  Hajisharifi et al.   85.18%   92.68%   89.70%   78.40%             
  SAP                  86.23%   95.63%   91.86%   83.01%   89.47%    400
  Our method(RF)       86.20%   97.10%   92.73%   84.90%   92.70%    19
  Our method(LibD3C)   85.50%   96.60%   92.15%   83.70%   92.10%    19
  Our method(SVM)      87.70%   96.10%   92.73%   84.80%   92.70%    19

In this paper, the feature points with large slopes in the last reduced-dimension line chart ([Figure 3](#F3){ref-type="fig"}) were separated to form a 7-dimensional model, which was verified by support vector machine with an accuracy of 90.41%. This possibly imply that these seven-dimensional features are important features to distinguish anticancer peptides. These 7-dimensional features are GL.gap4, hydrophobicity_PRAM900101.Tr2332, polarizability.2.residue0, Pc1.C, Xc1.K, Pc2.Hydrophobicity.8, and secondarystruct.1.residue0. These features may suggest that for anticancer peptides, the composition and content of glycine, leucine, cysteine and lysine as well as their secondary structure, polarization and hydrophobicity are important indicators different from other non-anticancer peptides.

![The figure was the change of F-score with dimension according to the last dimension reduction. The red dots in the figure were the feature points with great changes in this paper. And these points were separated to form a new feature model and verified. After verification, these seven red dots are the most important seven features.](fbioe-08-00892-g003){#F3}

Conclusion {#S4}
==========

In this paper, a low-dimensional feature model with better performance was obtained through feature extraction and continuous feature selection over many iterations. The features were further isolated, and a few features that might distinguish anticancer peptides were identified. It is hoped that the results of this paper can be used in the artificial design and prediction of anticancer peptides.
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